Effects of prolonged darkness on nitrogenase activity in vivo, nitrogenase activity in vitro, and the amounts of nitrogenase proteins were studied in symbiotic Frankia. Plants of Alnus incana (L.) Moench in symbiosis with a local source of Frankia were grown for 9 to 10 weeks in an 18/6 hour light/darkness cycle. After 12 hours of a light period, the plants were exposed to darkness for up to 40 hours. Nitrogenase activity (acetylene reduction activity) of intact plants was measured repeatedly. Frankia vesicle clusters were prepared from the nodules with an anaerobic homogenization and filtration technique and were used for measurements of in vitro nitrogenase activity and for measurements of the amounts of nitrogenase proteins on Western blots. Antisera made against dinitrogenase reductase (Fe-pro- A reduced amount of active nitrogenase can be due to inactivation or degradation not compensated for by synthesis or a combination of these possibilities. To distinguish among them, it is necessary to determine the amounts of nitrogenase protein during a stress treatment. Since nitrogenase consists of two proteins, dinitrogenase reductase (Fe-protein) and dinitrogenase (MoFe-protein), both necessary for activity, the amounts of both proteins have to be determined. In this paper, we describe immunological techniques used to quantify the Fe-protein and the MoFe-protein of Frankia in symbiosis with Alnus incana (L.) Moench exposed to prolonged darkness.
tively, after 40 hours of darkness. Loss of nitrogenase activity thus appeared to be largely explained by loss of MoFe-protein. Symbiotic Frankia is dependent on its host for the carbon compounds necessary for growth processes and nitrogen fixation. Photoassimilates produced in the shoot are transported to the root nodules. Stress conditions applied to the plant reduce nitrogenase activity in the root nodules. This was the case for Frankia-Alnus symbioses after addition of ammonium (8, 1 1), drought stress (22) , darkening and defoliation (10, 25) , and decreased temperature (12) . In some of these studies, nitrogenase activity of intact plants (in vivo) and nitrogenase activity in vitro were measured (8, 10, 22) . In vitro activity was measured on root nodule homogenates supplied with Mg-ATP and the electron donor dithionite. The in vitro activity was fairly stable when expressed as the ratio in vitro activity/in vivo activity of the same plant. By comparing this in vitro/in vivo ratio between control plants and treated plants, it was found for all types of stress studied that the reduced A reduced amount of active nitrogenase can be due to inactivation or degradation not compensated for by synthesis or a combination of these possibilities. To distinguish among them, it is necessary to determine the amounts of nitrogenase protein during a stress treatment. Since nitrogenase consists of two proteins, dinitrogenase reductase (Fe-protein) and dinitrogenase (MoFe-protein), both necessary for activity, the amounts of both proteins have to be determined. In this paper, we describe immunological techniques used to quantify the Fe-protein and the MoFe-protein of Frankia in symbiosis with Alnus incana (L.) Moench exposed to prolonged darkness.
MATERIAL AND METHODS

Plant Material, Frankia and Growth Conditions
A clone of gray alder, Alnus incana (L.) Moench, was used (9) . One-leaf internode cuttings were rooted, inoculated with a water suspension of crushed root nodules containing a local source of Frankia (phenotypically spore (+), hydrogen uptake activity (-) in symbiosis; [11, 21] ), planted into pots with gravel, and grown in a climate chamber as described previously (9) Nitrogenase Activity in Vivo ARA-was measured repeatedly on intact plants by enclosing the potted root system in a gas-tight chamber (6) and adding C2H, to 10% (v/v) in air. These incubations were always done at noon (after 8 h of light) or in the morning (after about 2 h of light). The plants were kept in light (controls) or in darkness (treated plants) in the climate chamber during incubations. Gas samples were taken at 10-min intervals during 25 to 55 min after addition of C2H2 and immediately analyzed for C2H4 by gas chromatography as described earlier (10) but with a column length of 1 m.
Nitrogenase Activity in Vitro ARA in vitro was measured on three aliquots ofeach vesicle cluster preparation, prepared anaerobically as described below. An aliquot (0.5 mL) was added to a 13-mL anaerobic glass vial sealed with a rubber membrane stopper (Suba Seal, William Freeman & Co Ltd, U.K.). The vials contained Hepes (Sigma), Na2S2O4, Na2-ATP, and MgCl2, which, after addition of the vesicle cluster preparation had a final concentration of 50, (pH 8.0), 100, 40, and 20 mm, respectively. The reaction, at 25°C, was started by addition of C2H2 to 10% (v/v) of the Ar gas phase. Gas samples of 0.2 mL were taken at 5-min intervals during 15 to 30 min after addition of C2H2 and immediately analyzed for C2H4 as described above.
Preparation of Vesicle Clusters
Within 1 to 3 h after each measurement of nitrogenase activity in vivo, all root nodules were collected directly into liquid nitrogen and stored there for up to 6 weeks until used. The nodules (R = 2.31 g, range 1.30-3.1 1 g fresh weight) from each plant were homogenized anaerobically in 15 mL icecold anaerobic homogenization buffer containing 50 mM Hepes (pH 8.0), 0.2 M sucrose, 4% (w/v) PVP (K25; Roth), 2 mM Na2-EDTA (Merck), 5 mm DTT (Boehringer), and 10 mM Na2S2O4. The homogenization lasted for 2 s, and, when the foam had settled, a second homogenization (2 s) followed.
The homogenate was immediately passed through a 100 Am nylon filter; the residue was resuspended in 15 mL of buffer; and homogenization of the nodule pieces was repeated. The remaining residue was washed with 10 mL of buffer.
To accomplish this homogenization rapidly under anaerobic conditions, the cutting end of the homogenizer (UltraTurrax TP 18-10, Janke & Kunkel KG) was mounted in a gas-tight way directly into a Sartorius SM 16510 filter apparatus. In addition, a continuous flow of Ar was passed through the filter apparatus.
To obtain a preparation of Frankia vesicle clusters, the filtrate was anaerobically transferred to a second filter apparatus and filtered anaerobically through a 20 Mm nylon filter.
The 20 Am filter residue was washed with the homogenization buffer (8 x 5 mL) and an anaerobic washing buffer (5 x 5 mL) containing 50 mm Hepes (pH 7.8), 4% (w/v) PVP, 2 mm Na,-EDTA, and 2 mm Na,S2O4 and finally collected into about 8 mL of the washing buffer. From this suspension, three aliquots were immediately used for measurements of nitrogenase activity in vitro as described above. The remaining suspension was centrifuged anaerobically for 10 min at 5°C and 2300g. The supernatant was discarded except for 1 mL which together with the pellet (the Frankia vesicle clusters) was stored in liquid nitrogen. In vesicle cluster preparations made in a similar way, less than 2% of the particle volume was plant material (23 15 ) with a microtip for 60 s at output 3 using the 50% pulsed duty cycle. The sonicated preparation was centrifuged for 10 min at room temperature and 14,000g, and the supernatant (protein extract) was stored at -20°C.
Protein extraction of cultured Frankia CpI1 was done as described for vesicle clusters. A protein extract of A. incana roots was obtained by homogenization with an Ultra-Turrax in anaerobic buffer.
Protein Determination
Before protein determination of the vesicle cluster samples used for in vitro nitrogenase activity measurements, the samples were washed twice in dithionite-free washing buffer. In a separate experiment, this did not reduce the protein concentration of the samples significantly (t test, P < 0.05) but prevented the interference of dithionite in the protein assay.
NaOH was added to vesicle clusters from the in vitro measurements and to samples of the protein extracts to a final concentration of 1 N and 0.05 N, respectively. After 15 min at 90°C, the protein concentration was determined with the bicinchoninic acid protein assay according to the manufacturer (Pierce; the 37°C-protocol) with BSA (Fraction V, Sigma) as standard.
Western Blot Analysis
The protein extracts were all diluted to the same protein concentration, and f-mercaptoethanol, glycerol, bromphenol blue, and SDS were added to a final concentration of 5% (v/ v), 10% (w/v), 0.02% (w/v), and 2.5% (w/v), respectively. After 10 min at 100°C, the extracts were centrifuged at 14,000g for 5 min. Tween 20) . The filters were incubated for 16 h with primary antisera diluted 1:150 (antidinitrogenase reductase) and 1:750 (antidinitrogenase) with 0.2% (w/v) BSA in TST. Both antisera were used in the same incubation. However, in tests of recognition and monospecificity, the two primary antisera were used separately.
The secondary antibody, swine anti-rabbit immunoglobulin G (IgG) conjugated to alkaline phosphatase (Dakopatts, Stockholm, Sweden), was diluted 1:1000 with 1% BSA in TST and incubated with filters for 2 h. All incubations were done at 23°C, and between each incubation the filters were rinsed with TST for 3 x 5 min. The filters were stained for alkaline phosphatase activity with a freshly prepared staining solution containing 0.06 mg. mL-' 5-bromo-4-chloro-3-indolylphosphate, 0.1 mg mL-' nitro blue tetrazolium, 4 mM MgCl2, and 0.6 mM ethanolamine (pH 9.6).
The 
RESULTS
Nitrogenase Activity in Vivo and in Vitro
The in vivo nitrogenase activity of the control plants kept under normal light/dark conditions was essentially constant except for a slight decrease at the end of the experimental period (Fig. 1A) . In contrast, nitrogenase activity was markedly reduced in response to the dark treatment (Fig. lA) . After 13 h in darkness, the treated plants still had about the same activity as the control plants. The main loss of activity occurred during the following 7 h of darkness, and the activity continued to decrease to about 25% of initial activity after 38 h of darkness. (Fig. 2) . The Frankia vesicle cluster protein was thus free from alkaline phosphatase activity that could interfere with the immunodetection of nitrogenase proteins. A few faint bands, none of the same molecular mass as either of the nitrogenase proteins, were detected when a root extract or when a protein extract from a nonfixing Frankia culture grown on ammonium was used as sample (Fig. 2) .
Sequences of the structural genes for the Fe-protein and the MoFe-protein are highly conserved among nitrogen-fixing organisms (2, 5, 18) . In addition, the antisera tested here cross-reacted only with proteins from nitrogen-fixing vesicle clusters with molecular masses in good accordance with the nitrogenase proteins from other nitrogen-fixing organisms. Therefore, we consider these antisera useful to measure relative amounts of Frankia nitrogenase proteins. The 38 kD band and the 58 kD band were used to quantify the Feprotein and the MoFe-protein, respectively.
Quantification of Nitrogenase Proteins
The values of absorbance area measured on transparent Western blots were found to increase linearly with increasing amounts of Frankia vesicle cluster protein (Fig. 3) . Since a dilution series was included in each blot, the relative amounts of nitrogenase proteins could be calculated. the end of the experiment, was only about 16% of the activity in control plants (Fig. 1 B) .
Recognition and Specificity of Antisera
The recognition and monospecificity of antisera made against the R. rubrum Fe-protein and the A. vinelandii MoFeprotein to the Frankia vesicle cluster protein are shown in Figure 2 . A major immunoreactive band with a relative molecular mass of about 38 kD and a minor band with a slightly lower molecular mass were obtained in the Western blots when the antiserum against the R. rubrum Fe-protein was used. This is comparable to the Fe-protein from other nitrogen-fixing organisms which consists of two identical subunits of about 33 to 36 kD (4, 13, 19) .
In the Western blots where Frankia vesicle cluster protein was tested with antiserum against both types of subunits of the MoFe-protein from A. vinelandii, a major band with a relative molecular mass of about 58 kD and a minor band of slightly larger relative molecular mass were detected. The MoFe-protein of other nitrogen-fixing organisms consists of two pairs of nonidentical subunits with molecular masses of about 56 and 59 to 60 kD (13, 19) . The weaker band of larger molecular mass most likely corresponded to the larger type
Western Blot Analyses
The amount of the Fe-protein in extracts of Frankia from nodules of control plants varied slightly during the experimental period, but no consistent decrease or increase was observed (Fig. 4A) . In dark treated plants, the amount of Feprotein remained fairly constant during the first 23 h in darkness and similar to the initial amount of Fe-protein from control plants (Fig. 4A) . After 40 h of darkness, the amount of Fe-protein was about 40% lower, but there was overlap with the values obtained for the control plants.
The amount of the MoFe-protein (Fig. 4B ) appeared to be fairly constant in nodules of control plants. After 23 h of darkness, the amount of the MoFe-protein had decreased and after 40 h of darkness the amount was about 35% of the control amount (Fig. 4B) .
The ratio MoFe-protein to Fe-protein (Fig. 4C) (Fig. 1) , the ratio of MoFe-protein/Fe-protein was 46% lower than before treatment (Fig. 4C) . After 40 h of darkness, the ratio was 57% lower for the dark treated plants than for the control plants. The results in Figure 4 taken together thus show that the amount of the proteins decreased in response to the dark treatment and that the MoFe-protein decreased faster than the Fe-protein.
DISCUSSION
The loss of nitrogenase activity both in vivo and in vitro ( Fig. 1) corroborates earlier studies which indicated that the loss of in vivo activity in response to plant stress was due to loss of active nitrogenase rather than shortage of reductant and ATP (8, 10, 22) . Loss of active nitrogenase was concluded since the nitrogenase activity of nodule homogenates, supplemented with dithionite and Mg-ATP, from treated plants were inhibited compared with control plants. In the earlier studies, measurements of in vitro nitrogenase activity were made on total nodule homogenates rather than on Frankia vesicle cluster preparations. The use of vesicle cluster preparations in the present study facilitated comparisons between nitrogenase activity in vitro and amounts of nitrogenase proteins.
During a period of prolonged darkness of up to 40 h, the nitrogenase activity in vivo decreased by 75% and nitrogenase activity in vitro by about 84% (Fig. 1) (20) . In soybean plants exposed to oids supplemented with succinate as a respiratory substrate (20) . A number of studies on legume symbioses exposed to stress has suggested the involvement of a variable oxygen diffusion barrier which causes a reduced oxygen concentration in the nodule and energy limitation of nitrogenase activity (15, 24) .
The loss of active nitrogenase could be due to degradation of nitrogenase protein not compensated for by synthesis and/ or reversible or irreversible inactivation. Western blot analyses were used to study amounts of nitrogenase proteins to be able to distinguish among these possibilities. The amounts of both nitrogenase proteins were measured, since both are necessary for nitrogenase activity. The antisera made against the R. rubrum Fe-protein and against the A. vinelandii MoFe-protein showed good cross-reactivity with two polypeptides (38 and 58 kD, Fig. 2 ) most likely being subunits of the Frankia Feprotein and MoFe-protein, respectively. This again demonstrates the similarities between nitrogenase proteins from different organisms. The same antisera were also used to show the localization of the Fe-and MoFe-proteins in vesicles of Frankia in root nodules of this Frankia-A. incana symbiosis (7) . The use of a Western blot system which includes alkaline phosphatase conjugated secondary antibodies has previously been shown to be useful to quantify antigenic protein over a wide concentration range (1). Although we did not have the antigenic proteins purified, we could test the response to various nitrogenase concentrations in our system by making a dilution series. The integrated absorbance correlated well with the amount of protein loaded to each lane of the gel in the range tested (Fig. 3) . From the dilution series used as a standard curve, relative values of the amounts of Fe-protein and MoFe-protein were obtained and could be used in comparisons of the amounts of nitrogenase protein in different plants.
According to the Western blots, there was a small decrease of Fe-protein and a large decrease of MoFe-protein (65%) after 40 h of darkness (Fig. 4) . Thus, it appears that the loss of nitrogenase activity both in vivo and in vitro can be explained by a loss of nitrogenase protein, especially the MoFeprotein. The possibility that nitrogenase was inactivated may have been an earlier event, perhaps explaining the slightly more pronounced loss of activity than loss of protein. In the cyanobacterium Anabaena cylindrica, exposure of extracts to oxygen was necessary before degradation of the MoFe-protein by proteolytic enzymes occurred (16) .
In conclusion, subjecting nitrogen-fixing plants ofA. incana to prolonged darkness caused reduced nitrogenase activity in vivo and in vitro, which was due to loss of active nitrogenase. Immunological methods, developed to quantify Fe-protein and MoFe-protein of nitrogenase in symbiotic Frankia, showed that the loss of active nitrogenase was largely explained by a loss of MoFe-protein.
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